Abstract. Lateral extrusion, sometimes called injection upsetting, offers a product with central boss section having complete or segmented protrusions. Collar flanges, spur gear forms, spline or taper with shaft are examples of the products of produce by lateral extrusion. The aim of this study is to investigate the lateral extrusion of gear-like spline form in terms of forming load and load die filling ratio and comparison the results with those results obtained from a commercially FEM based programme named DEFORM-3D. A series of experiment has been carried out using solid lead billets with two different billet diameters and two different billet heights. Experiments were carried out by using a hydraulic press of which capacity 150 metric tons. Load-stroke relations and die filling ratios are obtained both theoretically and experimentally. It is obviously shown that the results obtained from the DEFORM-3D could be used for simulating of the deformation process.
Introduction
Near-net shape forming is known as an alternative to the manufacturing of flanged forms that are subsequently subjected to machining. Near-net shape forging of gears or splines results in greater savings of not only material but also reduced production cost with otherwise in high [1] . Lateral extrusion was introduced as a variant of extrusion in which the material, retained in an injection chamber, is injected into a die-cavity in a form which is prescribed by the exit-geometry; this process is characterized by combined axial and radial flow of material to fill the die-cavity. To-date, several names, such as injection forming, injection upsetting, radial extrusion, side extrusion, transverse extrusion and lateral extrusion, have been used for similar configurations [2] . Lateral extrusion has several advantages, such as less load requirements, comparing to closed die forging in producing of parts with radial geometries. Injection forging has been generated as a new extrusion configuration that could achieve the net-shape definition of complex component forms.
Studies about metal flow in lateral extrusion mostly cover the simple shaped flanges. Balendra [3] has studied effects of process parameters on metal flow and load requirement for complete flanges. They defined an aspect ratio of primary deformation zone (the volume occupied by the billet in the die cavity at the initiation of injection, T=h/d 0 ) for complete flanged part produced by this method. Balendra and Qin [4] have reported that for T>1.3 material rotation causing fold is achieved. For 0.8<T<1.3 the rotation of material is relatively small and does not cause any fold. When T<0.8 deformation of material is dominated by the radial expansion of the lower end of the billet and sound flow can be obtained. However required force increases since metal flows into narrow die gap. Previous research on injection forging of solid billets has shown that a limiting aspect ratio of the primary deformation zone (T=1.65) existed for successful injection forging of components [5] . Qin [6] performed FE simulations and experiments to identify preform design approaches for injection forging with a view to prevent the development of folds during the forming of large-thickness-flanges. Because of the injection upsetting has a relatively large new-surface generation, the relationship between the flange diameter after injection upsetting and the frictional shear factor was determined using the upper bound method by Nishimura [7] . Ebrahimi [8] performed an analytic approach to obtain the extrusion pressure and the strain imposed through radial-forward extrusion. Recently, the FEM was also employed to simulate the lateral extrusion of solid billets for different geometries by several researchers. Ko et al. [9] used three different aspect ratios, seven different gap heights and five different die corner radii as parameters in his FEM work. Farhoumand [10] analyzed the forward-backward-radial extrusion process by a commercial finite element software programme called ABAQUS.
The shape of spur gear and splines, which are used machine elements, is a kind of segmented flanges. They mostly used to transmit loads and torque by rotating generally at high speeds. Research on the lateral extrusion of the segmented flanges such as splines and gear forms are very limited in the literature. So far, the load requirement of lateral extrusion of segmented flanges has been carried out by Plancak et al. [11] , Çan et al. [12] and Altınbalık [13] [14] by using the Upper Bound Method. Recently, the FEM was also employed to simulate the lateral extrusion of solid billets for different geometries by several researchers. Jafarzadeh et al. [15] performed a theoretical and experimental study for analysis of lateral extrusion of gear-like parts. In another study Jafarzadeh et al. [16] studied the forming characteristics of radial-forward extrusion by using FEM. On the other hand, research on the lateral extrusion of the segmented flanges such as splines and spur gear forms are very limited in the literature.
In the presented study, a theoretical and experimental investigation of metal flow in the spline form as gear like element is performed. Gear like form was produced by lateral extrusion. Two different containers with 21 mm and 23 mm inner diameters and spline shaped lower die for N=1 tooth were used in the experiments. The manufacturing process was simulated by a commercial FEM programme called DEFORM-3D in order to predict the extrusion load requirement and die filling ratios. Then experimental results were compared with those obtained from DEFORM-3D.
Deform-3d Simulation
As known, to prevent expensive evaluation of tooling design based on trial-and-error which often leads to high development cost and long time-to-market, FEM simulation and modeling is used in product design and development for many metal forming areas. Process simulation using DEFORM-3D has been instrumental in cost, quality and delivery improvements for the last two decades. In the presented study, commercial FEM based software DEFORM-3D v10.2 was used for extrusion process simulations. In the simulations, lead billets were 21 mm. and 23 mm. in diameter and 55mm. and 50 mm. in length. Die components was assumed as rigid bodies and workpiece was chosen as plastic material obeying Von-Mises flow rule and its solid mesh is approximately 9000 nodes and 48000 tetrahedral elements. The friction factor was defined as 0.4 in the light of literature [17] for all contact surfaces between material and die components. Punch velocity for the simulations was chosen as 5mm/s and maximum stroke was 16 mm. to represent the experiment conditions realistically.
Experimental Study
Commercially pure lead was used as experiment material due to its hot forming characteristic at the room temperature. The cylindrical billets were extruded from a cylinder of 40 mm to 20.9 mm and 22.9 mm and machined to 55 mm and 50 mm in length, respectively. Dies were made from 1.2344 DIN hot worked tool steel and hardened to 53 HRC. Two different containers with 21 mm and 23 mm inner diameters and spline shaped lower die for N=1 tooth were used in the experiments, as shown in Fig.1 . The height of the lower die was 15 mm and the aspect ratios of the primary deformation zone, which is ratio of flange thickness to billet diameter, were obtained as T 1 = 15/23 =0.65 and T 2 = 15/21 =0.71. It is reported that the upper limit of the range of specific flange thickness is T=1.65, but a sound flow can be obtained when T<0.8. The specimens were cleaned with acetone so as to provide a similar friction condition before deformation. Experiments were conducted on a 150 metric ton hydraulic press with constant ram speed of 5 mm/sec. Schematic views of the samples are shown in Fig.2.a and Fig.2.b. 
150
Materials, Mechanics and Information Engineering 
Results And Discussion
As known that the prediction of the maximum extrusion load is important so as to design all forming parameters such as die design and tool material selection. Figs. 3-4 show a comparison of forming load versus the punch stroke between experimental and theoretical results which obtained from DEFORM-3D for different billet diameters. As seen in figures, the forming load increases with increasing stroke due to the increase in frictional surfaces. Since the root diameter of lower die is 25 mm, free bulging occurs for both diameters and recording of load values was started when the metal entered into tooth gaps. In the diagrams an acceptable agreement can be seen between theoretical results and the experiments. As seen in Fig.3 for d o =21 , the value of the maximum load calculated by the DEFORM-3D, which is significant for determining the press capacity, deviates
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from the value obtained experimentally only by 1.8% and this discrepancy is acceptable. As seen the diagram calculated FEM results deviate approximately only 3.5% from the experimental results through the extrusion process. What leads to this difference is that the assumptions made in the program don't entirely match the actual material properties. A similar observation can be made with the having d o =23 mm initial diameter billets as seen in Fig.4 . In this case, the difference between the experimentally measured and analytically obtained values at the maximum is 5% and it is about 1.8% towards the end of the process. When the Fig.3 and Fig.4 are examined together it is easily seen that the load value increase with increasing billet diameter. The main reason for this is that surface area with contacts to chamber increases. Material flow is more difficult to fill the corners when material is touched to outer diameter of tooth in the die for two different billet diameters. Consequently, required load increased sharply. 
